Opportunistic premise plumbing pathogens (OPPPs) are responsible for many infections linked to drinking water. The annual cost of disease caused by these waterborne pathogens is $850 million. Key characteristics of these opportunistic waterborne pathogens include: disinfectantresistant, biofilm formation, thermal-tolerance, desiccation-resistant, growth in amoebae and growth in low oxygen conditions. Methylobacterium spp. have been recognized as an emerging OPPP, so the purpose of this study was to investigate these waterborne bacteria in more detail to determine whether they have all characteristics of OPPPs. Seven Methylobacterium spp. strains were studied to measure growth in laboratory broth medium and drinking water, measure hydrophobicity on surfaces found in household plumbing, measure adherence and biofilm formation to surfaces found in household plumbing and measure susceptibility to hot water heater temperatures. Methylobacterium spp. were found to aggregate in lab broth medium and drinking water, hydrophobic on different surfaces in household plumbing, adhere readily and form biofilm on different surfaces and thermal-tolerant to water heater temperatures. These results support and identify Methylobacterium spp. as opportunistic premise plumbing pathogens.
. OPPPs grow in drinking water distribution systems, unlike contaminants of drinking water, such as Escherichia coli and Salmonella spp.
A number of accepted opportunistic premise plumbing pathogens is listed in Table 1 .
Legionella pneumonia, the causative agent of Legionnaire's disease, a life-threatening pneumonia, has been isolated in samples of drinking water across the United States (Donohue et al. 2014) . Pulmonary infections caused by Mycobacterium avium have been tracked by DNA fingerprinting to showerheads (Falkinham et al. 2008) and household plumbing (Falkinham 2011) . Infections caused by Pseudomonas aeruginosa have been linked to bronchoscopes washed with non-sterile water (Cuttelod et al. 2011) . Premise plumbing has unique features ( Table 2 ) that select for distinct communities of microorganisms to grow . Low oxygen, low disinfection concentrations, low organic matter content, heating, periods of stagnation and pipe materials as biofilm formation surfaces all give OPPPs ideal growth conditions. The microaerobic OPPPs are able to survive low oxygen conditions created by the premise plumbing. Being disinfectant-resistant allows OPPPs to survive standard disinfectant dosages for drinking water treatment that will essentially kill off all but the opportunistic pathogens. Consequently, these premise plumbing pathogens are able to consume the available organic carbon without competition. Desiccation-resistance allows OPPPs to survive in dried conditions created by premise plumbing. Biofilm-formation provides a mechanism to prevent washing out of microorganisms in flowing systems, such as pipes.
Thermal tolerance allows OPPPs to survive in high temperatures created by hot water heaters.
The ability of OPPPs to survive and grow in free-living amoebae gives an extra layer of protection against disinfection and desiccation.
Recently it has been recognized that Methylobacterium spp. are normal drinking water inhabitants (Gallego et al. 2006) and opportunistic pathogens (Kressel and Kidd 2001) . Further, studies of households of patients with Mycobacterium avium pulmonary infections showed that when Methylobacterium spp. were present in biofilm samples, M. avium was absent . As Methylobacterium spp. have been recognized as an emerging OPPP and they demonstrate an interesting interaction with another OPPP, namely M. avium, we sought to study them in more detail to determine whether they have all the characteristics of OPPPs (Table 3) .
Methylobacterium spp. Characteristics. Methylobacterium spp. are Gram-negative, relatively slow growing opportunistic pathogens in premise plumbing that were originally classified as
Pseudomonas or Protomonas (Green and Bousfield 1982) . In agar medium they form salmonpink colonies and aggregates in broth culture are also pink (Gallego et al. 2006 ).
Methylobacterium spp. are able to grow on one-carbon-compounds such as formate, formaldehyde, methanol, methylamine, and a wide range of multi-carbon compounds as a sole source of carbon and energy (Green 1992) . Methylobacterium spp. produce pink carotenoid pigments as well as phytochromes (cytokinins and auxins), which are known to stimulate plant growth (Ivanova et al. 2001; Koeing et al. 2002) , and are capable of fixing atmospheric nitrogen (Sy et al. 2001) and help plants to fight pathogens (Holland and Polacco 1994 Methylobacterium spp. were reported to infect immunocompromised patients and people with indwelling catheters (Poirier et al. 1988) . Methylobacterium mesophilica has caused pseudooutbreaks associated with the use of bronchoscopes and endoscopes that were contaminated by the M. mesophilica-containing tap water used to wash each instrument (Kressel and Kidd 2001; Flournoy et al. 1992) . In general, Methylobacterium spp. cause mild clinical symptoms, such as fever, but severe infections include bloodstream infections, peritonitis, and pneumonia have also been reported (Sanders et al. 2000; Lai et al. 2011) . Bloodstream infections have been reported due to M. mesophilica from bone marrow transport recipients caused by tap water used for oral irrigation (Gilchrist et al. 1986 ). In another case, a patient undergoing continuous ambulatory peritoneal dialysis developed peritonitis due to M. mesophilica, which was isolated from stagnant water in the bathroom (Rutherford et al. 1988) .
Methylobacterium spp. in the Human Environment. Members of the Methylobacterium genus are found in a wide variety of natural habitats, including soil, dust, air, fresh water and aquatic sediments (Hirashi et al. 1995) . They can be easily recognized in homes as they form pink slime in shower surfaces and on shower curtains (Yano et al. 2013) . One species, Methylobacterium tardum, was even isolated from dust samples on the International Space Station (Mora et al. 2016) . Methylobacterium are also commonly found in drinking water and have been isolated from water in households and hospitals (Flournoy et al. 1992; Kovalea et al. 2014) . These bacteria are able to persist in drinking water due to their chlorine-resistance, surface-adherence, biofilm-formation and desiccation-tolerance (Kaneko and Hiraishi 1991; Yano et al. 2013) .
Methylobacterium extorquens has been isolated from amoeba from drinking water systems, makes it a member of the amoeba-resistant microorganisms (Thomas 2006) . Methylobacterium spp. have a strong biofilm-producing ability (Yano et al. 2013; Simoes et al. 2009 ). Methylobacterium-containing biofilms have been found on surfaces in automobile air conditioning systems (Simmons et al. 1999) , shower curtains (Kelley et al. 2004) , and
showerheads (Feazel et al. 2009 ).
Methylobacterium spp. cells in biofilms exhibit resistance to chemical disinfectants. For example, Methylobacterium spp. biofilms have been found to survive one hour exposure to 100 ppm of sodium hypochlorite, a concentration that is 100-times higher than the 1ppm concentration used for drinking water disinfection (Simoes et al. 2009 ). Regrowth of M.
extorquens biofilms occurred following seven days after an exposure to 1% peracetic acid (Kovela 2013) . M. mesophilicum biofilms on the tubing in an automated endoscope reprocessor were the source of a Methylobacterium mesophilicum infection outbreak in patients after bronchoscopy (Kressel and Kidd 2001) . Further, the presence of an established Methylobacterium spp. biofilm has been found to substantially reduce adherence and biofilm formation by Mycobacterium avium, another drinking water opportunistic pathogen associated with pulmonary disease, to plumbing surfaces (Falkinham et al. 2016) .
Methylobacterium spp. Aggregation and Hydrophobicity. Aggregation of methylobacterial cells appears to be a characteristic, as it has been reported in all species characterized to date, including Methylobacterium adhaesivum AR27 (Gallego et al. 2006) and Methylobacterium funariae F3.2 (Schauer and Kutschera 2011) . Plant growth-promoting Methylobacterium strains have also been found to aggregate in high C/N growth conditions (Joe et al. 2013) . Bacterial aggregate formation may be driven by the same forces that result in biofilm formation; namely hydrophobic interactions (Kos et al. 2003) Methylobacterium spp. Chlorine Resistance. Methylobacterium spp. have been isolated from water supplies and other chlorinated environments (Furuhata and Koike 1993) , suggesting that they are innately chlorine-resistant and perhaps other disinfectants. The resistance of M.
extorquens to free residual chlorine has been found to be moderate; the CT value (the product of disinfectant concentration and time to reach 3 logs units of cell death) was 1.5 mg-min/l compared to E. coli whose CT value is 0.09 mg-min/l (Furuhata et al. 1989) . Methylobacterium aquaticum strains isolated from tap water were all found to be mildly resistant to chlorine having average CT values of 0.89 mg-min/l (Furuhata et al. 2011) .
Methylobacterium spp. Thermal Tolerance. Methylobacterium spp. are recognized as resistant to elevated (>50°C) temperatures (Orphan 1999) . Methylobacterium spp. have been isolated from hot tap water in a household (Soucie and Schuler 2006) suggesting that the laboratorymeasured resistance (re: Orphan 1999) is of ecological consequence. The PhyR protein in M.
extorquens has been revealed to positively regulate genes involved in the resistance to heat shock and other environmental stressors (Gourion et al. 2007 
Experimental Methods
Methylobacterium spp. Strains. The Methylobacterium spp. strains used in this study are listed in Table 4 and chosen to potentially represent the range of characteristics representative of the genus. For some experiments, consortia of different species representatives were made arbitrarily to reduce the number of different species.
Growth of Methylobacterium spp. Strains. For all experiments, strains were grown in 25 mL of R2A broth (High Media Laboratories, India) in a 250 mL Nephalometer flask to log phase with aeration (60 rpm) at 30°C.
Measurement of Growth.
Samples of 1 mL of cultures from each strain were used to inoculate 25 mL of R2A broth in a 250 Nephalometer flask and grown at 30°C with aeration (60 rpm).
Immediately and every six hours for two days the turbidity was measured as Abs 540 nm. Measurement of Cell Hydrophobicity. Hydrophobicity, as reflected in contact angle provides good estimate of bacterial cell surface hydrophobicity (van Oss et al., 1975) and have a predictive value for adhesion (Van Loosdrecht et al. 1987) . Coupons in the CDC biofilm reactor (CBR) were incubated at room temperature for 6 hours in the presence of 10 5 CFU mL -1 of a Methylobacterium spp. strain for adherence. Rods with the coupons were removed from the paddle support system and rinsed by dipping three times in sterile Blacksburg tap water. Rods were allowed to air dry before recording measurements. 10μL drops of 1% saline were placed on cell biofilms on coupons in triplicate. The measurement of the contact angle was done by turning the rim of the goniometer until one of the hairs of the cross-hair was tangential to the drop at the place where it is in contact with the surface (van Oss et al., 1975) . 
Measurement of Growth as Protein

Measurement of Adherence of
Results
Methylobacterium spp. growth in R2A broth and water.
Due to the characteristic clumping of Methylobacterium spp. cells during growth in broth medium (Gallego et al. 2006; Joe et al. 2013) , it was not possible to measure growth as increases in turbidity (absorbance at 540 nm). However, it was possible to measure the increase in turbidity of M. hispanicum strain JM1-5, the one isolate ( Table 4) Measuring the protein content of Methylobacterium spp. in water showed that the strains grew modestly within the first 7 days, exhibiting a doubling in most strains ( Figure 5 ). However, the protein content of those aggregating strains decreased after 21 days ( Figure 5 ). Quite possibly that decrease in protein reflected difficulty sampling and the degradation of the cellular protein.
Interestingly, E. coli was able to grow and persist in water for 21 days. E. coli is not a water inhabitant and is commonly found in water as a contaminant.
Measurement of hydrophobicity of Methylobacterium spp. cells on different plumbing surfaces
Hydrophobicity, as reflected in contact angle provides good estimate of bacterial cell surface hydrophobicity (van Oss et al., 1975) . All Methylobacterium spp. strains were grown in R2A broth at 30°C with aeration (120 rpm). Coupons for each plumbing in the biofilm reactor were incubated at room temperature for 6 hours in the presence of 10 5 CFU mL -1 of each strain for adherence before being processed for measurement. All Methylobacterium spp. strains (triplicate replicates) produced higher contact angles than the control stainless steel coupon with no methylobacterial cells ( Table 5 ). The Methylobacterium spp. strains grown on plumbing surfaces produced high contact angles when grown on PVC and galvanized coupons, but low contact angles on glass (Table 6 ). Significantly, M. hispanicum strain JM1-5, the strain that did not aggregate in R2A broth or water, exhibited the lowest contact angles compared to all the rest of the Methylobacterium spp. strains (Table 6 ). The M. extorquens strain produced higher contact angles than the JM1-5 strain, which can be related to M. extorquens ability to aggregate compared to JM1-5. The E. coli strain grown on the coupons produced contact angles smaller than the control contact angles.
Measurement of adherence of Methylobacterium spp. cells to plumbing surfaces
Plumbing surface coupons (i.e., glass, copper, galvanized, PVC, and stainless steel) were exposed to water-adapted Methylobacterium spp. cells at 10 5 CFU mL (Tables 7-9 ). There could be several reasons for this: (1) PVC and galvanized surfaces supported the greatest number of adherent cells for both M.
hispanicum strains JM1-5 and JM1-8. The order of the JM1-5 adherence was as follows: PVC, galvanized, steel, glass and copper ( Table 7 ). The order of the JM1-8 adherence was as follows:
PVC, galvanized, copper, steel and glass (Table 8 ). The aggregated JM1-8 strain had a higher number of adherent cells to surfaces compared to the non-aggregated JM1-5 strain possibly due to its higher hydrophobicity from aggregating. The order of the M. extorquens strain adherence is as follows: PVC, glass, galvanized, copper and steel (Table 9 ). Based on these results, PVC and galvanized plumbing surfaces can be assumed to cause the most adherence of all Methylobacterium spp. strains. (Tables 10 and 11 ). The order of biofilm numbers for M. hispanicum strain JM1-8 was as follows: PVC, galvanized, copper, steel and glass (Table 10 ). The order of biofilm numbers for M. extorquens was as follows: PVC, galvanized, copper, glass and steel (Table 11) .
Measurement of biofilm formation of Methylobacterium spp. on plumbing surfaces
Measurement of the thermal tolerance of Methylobacterium spp. cells
To assess the thermal-tolerance Methylobacterium spp. at hot water heater temperatures, survival measurements were done at 50, 55 and 60°C. Water-adapted Methylobacterium spp.
suspensions were diluted and exposed to each temperature for 1, 2 and 3 minutes. At 50°C, all Methylobacterium spp. isolates had a survival of at least 80% after three minutes of exposure ( Figure 5 ). M. adhaesivum strain 14625, M. variable strain 14628, M. hispanicum strain JM1-8
and M. aquaticum strain 14006 survival values exceeded 100% after three minutes of exposure.
This could be due to aggregates of each of these strains breaking up at the high temperature. In contrast, only 40% of E. coli cells survived after three minutes of exposure. At 55°C, most Methylobacterium spp. isolates had less than 60% survival after three minutes of exposure ( Figure 6 ). M. adhaesivum strain 14625, M. hispanicum strain JM1-8 and M. isbiliense strain 14626 had a survival of 80% or greater after three minutes of exposure. E. coli did not survive at this temperature, as its survival dropped to undetectable numbers (<1% survival) after three minutes of exposure. At 60°C, almost all Methylobacterium spp. isolates had a survival at less than 20% after three minutes of exposure (Figure 7) . M. adhaesivum strain 14625 had over 80% survival after three minutes of exposure and less than 20% survival after six minutes of exposure.
Discussion
The experimental approaches were devised to determine whether representative Methylobacterium spp. was not found to grow longer than seven days in sterile water, but could persist in this environment for 21 days ( Figure 5 ). The growth and persistence of E.coli (non-aggregating) in sterile water could be due to favorable conditions, as it has been found to survive in autoclaved filtered river water for up to 260 days (Flint 1987) . New methods need to be used to accurately measure Methylobacterium spp. in its aggregated form without disturbing its natural growth form. One way of doing this could be to add detergents to the aggregating samples to break up the aggregates.
Both coupon composition and strain were major factors influencing adherence and biofilm formation. Hydrophobicity has been found to be a factor in surface adherence (van Loosdrecht et al. 1987) . Therefore, it is not surprising the more hydrophobic M. extorquens has more adherent cells than the non-aggregating M. hispanicum strain JM1-5. The ability of each Methylobacterium spp. strain to aggregate has been listed in Table 4 . While Methylobacterium spp. has been found to be hydrophobic, in comparison, Mycobacterium intracellulare biofilms have formed a 54.0° angle on the surface of a glass slide (Steed and Falkinham 2006) . The materials in each plumbing surface also influenced the number of adherent cells and biofilm formation. Zinc-galvanized steel and PVC materials are generally hydrophobic surfaces, which leads to higher adherence and biofilm formation, while glass and steel are more hydrophilic surfaces, leading to less adherence and biofilm formation. Although speculation, high zinc concentrations in soil and water have also been associated with high mycobacterial numbers (Kirschner et al. 1992 ) so this could be related to the high number of adherent Methylobacterium spp. cells.
Methylobacterium spp. exhibited relative thermal tolerance at hot water temperatures with survival at 50°C ( Figure 6 ). Killing was not observed until the temperatures were raised to 55°C ( Figure 7 ) and all Methylobacterium spp. strains were killed at 60°C (Figure 8 ). These results suggest that one way to reduce Methylobacterium spp. exposure is to elevate water heater temperatures to 55°C. In a study of the numbers of nontuberculous mycobacteria (NTM) in household plumbing samples, it was found that NTM were less frequently recovered from household samples whose water heater temperatures were > 130°F (>55°C) compared to < 125°F (<50°C) (Falkinham 2011) . Other ways to reduce Methylobacterium spp. exposure in hot water heaters would be to drain and refill the water heater periodically.
In summary, Methylobacterium spp. share characteristics of other OPPPs including being hydrophobic, ability to aggregate, adhere and form biofilms on different plumbing surfaces and its thermal tolerance. Knowledge of pipe surfaces to support the lowest amount of Methylobacterium spp. can be used by plumbers and homeowners to reduce exposure to Methylobacterium spp. in household plumbing. 
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